The exotoxin (PE) of Pseudomonas aeruginosa was purified from 50-liter cultures by a simple three-step procedure, yielding 135 mg of essentially homogeneous protein. In Ouchterlony gel diffusion, PE produces a single line which does not interact with a diphtheria toxin-antitoxin precipitin line. The protein has a molecular weight of 66,000, an isoelectric point of 5.1, N-terminal arginine, and four disulfide bridges. The amino acid composition shows no apparent similarity to that of diphtheria toxin. The median lethal dose of this PE preparation in mice weighing 20 g is 0.1 ,g. The median lethal dose in 350-g rats is 20 ,ug. The cytotoxicity of PE for mouse L929 fibroblasts is completely neutralized by small amounts of specific pony antitoxin. The exotoxin possesses adenosine diphosphate-ribosylation activity. Both cytotoxic and adenosine diphosphate-ribosylation activities are shown to be properties of the intact 66,000-dalton protein.
Infection by Pseudomonas aeruginosa is a frequent and serious complication in debilitated patients, particularly those whose phagocytic functions are impaired (29) . The cause(s) of the special virulence of Pseudomonas in these situations is unknown. However, one possible source of the pathogenicity of this bacterium is a potent Pseudomonas exotoxin (PE) described by Liu (14) . This protein, which was named exotoxin A, was first recognized by its lethality for mice. Subsequent studies showed PE to be cytopathic for a number of cultured cell lines and to inhibit amino acid incorporation and ribonucleic acid synthesis (26) . Recently, Iglewski and Kabat (9) presented evidence that PE, like diphtheria exotoxin (DE), catalyzes transfer of the adenosine diphosphate (ADP) ribose portion of nicotinamide adenine dinucleotide to mammalian elongation factor 2 (EF-2). The "ADP-ribosylation" (4) of EF-2 renders it unable to cause translocation of ribosomes along messenger ribonucleic acid during protein synthesis.
A study of the role of the exotoxin in infections showed that passive immunization with pony antitoxin protected mice from a lethal challenge with P. aeruginosa (16) . This result, and the analogy to diphtheria, suggests that PE may be an important virulence factor and that passive or active immunization against PE might aid in control of human infections.
Further studies of the role of this exotoxin in pathogenesis would be aided by the availability of substantial amounts of purified PE and greater knowledge of its chemical properties.
Methods have been described for production and purification of PE, and a few of its chemical properties were reported (3, 17) . However, only modest amounts of protein were obtained, and little evidence of the purity of the preparations was provided. Reported here are an improved method for the large-scale purification of PE and some properties of the purified exotoxin.
MATERIALS AND METHODS
Bacterial strain. P. aeruginosa strain PA103 was obtained from P. V. Liu. This strain produces very low levels of extracellular protease.
Biochemicals. Diphtheria toxin and diphtheria antitoxin were gifts of A. M. Pappenheimer, Jr. Antitoxin to purified PE was prepared in a pony, using the immunization schedule of Liu 60 ACi/,Amol, were purchased from Amer- sham/Searle (Arlington Heights, Ill).
Fermentation conditions. P. aeruginosa was grown using minor modifications of the culture conditions of Liu (15) . The (27) . Analyses of carbohydrate content by gas chromatography were made by using a modification of the method of Bhatti et al. (1) . Amino acid analyses were performed by a combination of methods currently in use in this laboratory (11) . N-terminal amino acids were determined by a dansyl chloride method (30) . Sulfhydryl groups and disulfides were measured with [14C]iodoacetamide, using modifications of the method of Steinert (28) 10 ,ul of denaturant (3% SDS, 1% 2-mercaptoethanol, 50% glycerol, 0.05 M Tris acetate, 2 mM EDTA, pH 7.7) and, unless otherwise stated, were heated at 90°C for 3 min. Electrophoresis was performed at 3 mA/tube for 2.5 h at 23°C. Gels were either cut into 2-mm sections or stained with Coomassie brilliant blue.
Isoelectric focusing was performed on polyacrylamide gel slabs containing pH 3 to 10 ampholytes (PAG plate, LKB Instruments, Inc., Rockville, Md.), using the instructions provided. Sample application strips were removed after 30 min, and electrophoresis was continued for an additional 60 min. For determination of the isoelectric point (pI) of PE, the pH at intervals on the gel was measured with a surface electrode (Ingold Electrodes, Inc., Lexington, Mass.) prior to staining with Coomassie brilliant blue.
Assay of ADP-ribosylation activity. For assay of ADP-ribosylation activity, the general procedure of Collier and Kandel was followed (5) . A 35 to 50% ammonium sulfate fraction of rabbit reticulocyte lysate was used as a source of EF-2. Rabbit reticulocyte lysate was prepared by F. B. Abeles. Assays (100-,l total volume) contained about 10 pmol of rabbit reticulocyte EF-2, 37 pmol of [ 
RESULTS
Preparation of exotoxin. PE was produced by growing strain PA103 in a 70-liter fermenter using the medium developed by Liu (15) . Initially, several 50-liter culture supernatants were processed by combining the purification procedure of Liu et al. (17) with chromatography on hydroxylapatite, which was shown by Callahan (3) to be an effective purification step. This protocol produced good yields of pure PE, portions of which were used to prepare a hightiter pony antitoxin, by using the immunization schedule of Liu and Hsieh (16) . However, this combination of steps included repeated centrifugation of large volumes, which proved laborious. Furthermore, difficulty was often experienced in redissolving the precipitate obtained in the initial zinc acetate step described by Liu et al. (17) . Jackson and Matsueda (10) reported that the same problem frequently occurs when zinc acetate is used to precipitate a myxobacter protease. For these reasons other protocols more suitable for large-scale purifications were tested. The low pl (5.0) of the protein (3) suggested that it could be adsorbed from culture supernatants by anion-exchange resins. A protocol starting with adsorption to DEAEcellulose proved successful. Analysis of such a purification is shown in Table 1 . Detection and quantitation of PE was conveniently achieved during the purification by radial immunodiffusion in agar gels containing antitoxin. In the preparation described in Table 1 the toxin-containing fractions obtained at each step were also assayed for carbohydrate, protein, proteolytic activity, and ADP-ribosylation activity.
The culture supernatant contained 5 to 10 ,ug of PE per ml, equal to that reported for cultures grown in shake flasks (17) . This constitutes 5 to 10% of the protein secreted by the bacterium. A previous report that culture supernatants contain 30 mg of protein per ml (17) apparently was based on a protein assay that responded to various low-molecular-weight materials. Adsorption and elution of PE from DEAE-cellulose achieved a 25-fold reduction in volume and a 6-fold increase in specific activity. Chromatography on a DEAE-cellulose column eluted with a linear gradient of NaCl produced two peaks of ultraviolet-absorbing material. Radial immunodiffusion showed all the toxin to be in the first peak, eluted at 0.12 to 0.14 M NaCl.
The toxin-containing peak could be applied Only a 15% increase in specific activity is achieved by this step because the DEAE-cellulose peak is already near homogeneity. This step does substantially decrease the carbohydrate content of the preparation.
The demonstration that PE possessed ADPribosylation activity (9) provides an alternate method of quantitating the exotoxin protein. I have confirmed that PE does possess this enzymatic activity (details presented below) and have found, in addition, that the specific activity (ADP-ribosylation activity per mole of protein) can be increased 20-to 50-fold by simultaneous exposure to a denaturing agent and a reducing agent (manuscript in preparation). This activation phenomenon shows that PE exists largely in a proenzyme form. The activity seen in untreated samples is probably due to a small fraction of molecules which have become activated (through unknown mechanisms) during production or purification. Since this fraction can be expected to vary, ADP-ribosylation assays of such samples would not provide a valid measure of the total mass of exotoxin protein. Treatment with reducing and denaturing agents is believed to lead to full expression of the potential enzymatic activity, so that all samples achieve a maximum, uniform specific activity. If this is true, then enyzmatic activity would become a valid measure of exotoxin protein. These considerations suggested that ADPribosylation assays would provide an accurate measure of the mass of exotoxin protein only when performed on reduced and denatured samples. An analogous situation exists in diphtheria toxin (4), where ADP-ribosylation can be used as a measure of the total amount of toxin protein, provided that samples are first activated by treatment with trypsin and a reducing agent. The toxin-containing fractions obtained in the purification were therefore assayed for ADP-ribosylation after activation ( Table 1) . The values obtained correlated well with the amounts of PE as determined by radial immunodiffusion, an indication that both methods are reliable measures of PE.
Assays for proteolytic activity were performed using a '4C-labeled, denatured hemoglobin substrate (data not shown). Activity was detected only in the culture supernatant and in the supernatant of the initial adsorption to DEAE-cellulose.
The materials obtained at each step were also examined by electrophoresis in polyacrylamide gels containing SDS (Fig. 1) (Fig. 2) . This further demonstrates the purity of the preparation and is consistent with the failure of the heterologous antitoxin to inhibit the ADPribosylation activities of DE and PE.
Chemical properties of purified exotoxin. In a 0.05 M Tris-hydrochloride buffer at pH 8.1, the purified exotoxin had an El"0 12, a maximum absorbance at 280 nm, and a ratio of absorbance at 280 nm to that at 260 nm of 1.92. The pI was determined by isoelectric focusing in a polyacrylamide gel slab of pH 3 to 10, operated at 5°C. The pH at intervals on the gel was measured with a surface electrode at 23°C. The apparent pI was 5.1, in good agreement with the value of 5.0 previously reported (3). The molecular weight of the exotoxin was determined by electrophoresis on 8% polyacrylamide gels containing SDS (Fig. 3) . Comparison of the mobilities of PE and of several marker proteins showed that the molecular weight of PE is 66,000 + 1,000. This value is substantially above the previously reported values of 50,000 to 54,000 obtained by gel filtration. The electrophoretic pattern of Fig. 3 also demonstrates that PE contains a single polypeptide chain, rather than being composed of several subunits.
Amino acid analysis of the purified exotoxin is presented in Table 2 . The exotoxin has a large number of acidic amino acids, consistent with its low pL. The high arginine-to-lysine rap tio is very unusual, since in a recent compilation of 476 proteins (12, 13) only 10 (lysinecontaining) proteins had a more extreme ratio. The N-terminal amino acid was found to be arginine.
Sulfhydryl groups and disulfides were measured by reaction with ["4C]iodoacetamide (28) . Figure 4 shows that the protein contains no free sulfhydryl groups and four disulfide bonds. The analyses for carbohydrate using anthrone (Table 1) show that the purified exotoxin contains less than one residue of hexose per molecule. Carbohydrate analysis by gas chromatography was also negative. Biological activity. PE was first recognized by its lethality for mice. When tested by intraperitoneal injection into mice weighing 20 g, the purified material described above had a median lethal dose of 0.1 ,ug. This is in good agreement with the previously reported value of 0.12 ,ug (17) . The median lethal dose of toxin in 300-g Sprague-Dawley rats was also determined. The value obtained, 20 ,Lg, indicates that rats are about eightfold less sensitive than mice on a body weight basis.
PE has been shown to be cytotoxic to a number of cell lines. A convenient assay of cytotoxicity using mouse L929 cells, available in this laboratory (see Materials and Methods), can be used to measure small amounts of either the exotoxin or antibodies to exotoxin. The experiment described in Table 3 Iglewski and Kabat (9) presented evidence that PE acts by blocking protein synthesis in a rabbit reticulocyte lysate. I have found (in experiments performed with F. B. Abeles) that exotoxin also blocks amino acid incorporation in a wheat germ cell-free system. This is consistent with the observation that diphtheria toxin fragment A can inactivate EF-2 from a variety of eukaryotic cells.
Enzymatic activity. The purified exotoxin and the crude materials from which it is obtained (Table 1) possess ADP-ribosylation activity. At concentrations of less than 100 ng of activated PE per ml of assay solution, the rate of incorporation of ['4C]ADP-ribose into the trichloroacetic acid-insoluble fraction was constant over 60 min. Blanks lacking exotoxin had 50 cpm, whereas high concentrations of exotoxin saturated the EF-2, about 3,000 cpm. Some assays used a wheat germ extract as the source of EF-2. This material contained about two to five times as much EF-2 as the reticulocyte preparation, but blanks were higher, probably due to a PE-independent incorporation or polymerization of nicotinamide adenine dinucleotide (24) . Electrophoresis of a reaction mixture on a 5% polyacrylamide-SDS gel confirmed that the '4C-labeled product had a molecular weight of about 100,000, which is the reported size of rat liver EF-2 (6) .
Structure-function studies of diphtheria toxin (5, 7) revealed a proteolytic fragment of 24,000 molecular weight, called fragment A, which possesses ADP-ribosylation activity but is biologically nontoxic. Conversely, intact DE is toxic but enzymatically inactive, apparently because the active site on fragment A is blocked. To examine whether a similar situation exists in PE, samples pretreated with 2-mercaptoethanol were fractionated on SDS gels. The gels were cut into 2-mm slices, which were placed in 1.0-ml samples of buffer. After overnight incubation to allow diffusion of the peptides out of the gel slices, samples were assayed for cytotoxic and enzymatic activity. Gill and Pappenheimer have previously shown that the enzymatic activity of diphtheria toxin can be recovered from SDS gels (7) if dilution lowers the SDS concentration below 0.02%. In our hands, the ADP-ribosylation activity of PE was inhibited by 0.005% SDS, but not by 0.002% SDS. The assay of gel slices was designed so that SDS concentrations were below 0.001%. The profiles seen in Fig. 5 demonstrate that both the cytotoxic and enzymatic activities coincide with the protein band. It appears that the intact PE molecule possesses enzymatic activity, unlike the situation with diphtheria toxin. Two peaks of lower molecular weight, which possess ADP-ribosylation activity but are not cytotoxic, also appear on the gel. These may be proteolytic fragments analogous to fragment A of DE or simply breakdown products of the exotoxin with a small residual activity and no biological significance. (21) .
PE was reported to be readily destroyed by the protease(s) of P. aeruginosa (17) . For this reason, special attention was directed during design of this purification procedure to the early separation or inhibition of the Pseudomonas proteases. Morihara et al. (23) described three extracellular proteases made by most strains of P. aeruginosa. Strain PA103 was originally selected as being protease deficient, but is known to produce small amounts of protease. By use of a sensitive protease assay using a "C-labeled, denatured hemoglobin substrate, it was found (unpublished data) that the residual proteolytic activity of PA103 is not adsorbed to DEAE-cellulose. It appears therefore that PA103 retains principally the "neutral proteinase" (23) . This fact encouraged selection of batch adsorption to DEAE-cellulose as the first step in purification, since this operation achieves both concentration of PE and removal of protease.
Consistent with previous reports, exotoxin was found to be a rather acidic polypeptide, free of carbohydrate. The amino acid content is not unusual, except for a rather extreme arginineto-lysine ratio. Comparison of the amino acid content of PE to that of diphtheria toxin (22) reveals no apparent similarities, consistent with the absence of serological cross-reactivity.
The molecular weight of 66,000 determined by SDS-gel electrophoresis is substantially higher than the previously reported values determined by gel filtration. Analyses ,tg. This is the amount of PE produced by 108 bacteria in culture. Since P. aeruginosa can readily grow to densities of 108/ml in burned tissue, enough PE could be made in vivo to contribute significantly to pathogenesis. Studies of the role of PE in burn wound infection may most conveniently be performed in rats, since this animal model has been well characterized (18) . However, it was found here that rats are much less sensitive than mice to PE, both on a per animal and a body weight basis. Therefore the use of rats in such studies would require significantly greater amounts of PE than if mice were used.
The work of Iglewski and Kabat (9) clearly demonstrated that PE acts enzymatically like DE. However, no information was provided on the relative specific activites of the two toxins. Preliminary experiments relating to the structure-function relationship were described which showed that trypsin treatment did not activate PE and that prior reduction did not alter the mobility of PE on SDS gels. These results led the authors to suggest that intact PE might be enzymatically active. Their results, however, did not exclude the possibility that the enzymatic activity of PE preparations is due to a very low level of a preexisting peptide fragment analogous to fragment A of DE. In fact, several results obtained here are entirely consistent with the existence of such a peptide fragment. Thus, the initial specific activity (ADP-ribosylation activity per mole of protein) INFECT 
